Knowledge concerning the sintering behavior of gold nanoparticles (AuNPs) allows for improved nanomaterials for applications such as printed electronics, catalysis and sensing. In this study, we examined the ability of a range of compounds to stabilize AuNPs against thermal sintering and compared compounds with and without functional groups that anchor the molecules to the nanoparticle surface. Thermal stability was characterized in terms of the temperature of the sintering event (TSE) as well as thermogravimetric analysis and scanning electron microscopy. We show that anchored stabilizing compounds with high thermal stability are effective at preventing the sintering of AuNPs until the decomposition of the compound. A TSE of 390 °C was achieved using 1-pyrenebutanethiol as stabilizer. Of the unanchored stabilizers, which were combined with butanethiol-capped AuNPs, two were found to be particularly effective: oleylamine (TSE ≈ 300 °C) and a perylenedicarboximide derivative (TSE ≈ 540 °C), the latter conferring an unprecedented level of thermal stability on ligand-stabilized AuNPs. When selecting stabilizers without anchoring groups, our results demonstrate the importance of choosing those that have an affinity with the capping ligands on the AuNPs to ensure a uniform mixture of AuNPs and stabilizer within a film.
Introduction
Gold nanoparticles (AuNPs) continue to attract significant attention due to their unique properties and diverse applications. [1] [2] [3] Their thermal stability is of particular interest as this influences the sintering behavior of ligand-stabilized AuNPs. Generally, low thermal stability is desired where continuous, electrically conducting structures are to be formed at moderate to low temperatures. [4] [5] [6] [7] On the other hand, for applications in sensing and catalysis where the fabrication and operating conditions are often at high temperatures (>300 °C), high thermal stability is necessary to retain the size-and shape-dependent properties of the individual nanoparticles. The most common strategy to induce such high resistance to sintering has been to encapsulate the AuNPs within an inorganic oxide shell [8] [9] [10] or to immobilize the particles on an inorganic oxide substrate. [11] [12] [13] [14] [15] [16] Several factors are known to influence the thermal stability of AuNPs. Longer alkane chain lengths on stabilizing ligands lead to an increased resistance to sintering. 6, 17, 18 Particle size has a small effect on the thermal stability, with larger particles sintering at slightly lower temperatures than smaller ones when passivated with the same ligand. This effect has been attributed to the significantly larger volume fraction of passivating ligands on the smaller particles, 6 although the ligand binding strength has also been shown to vary with particle size, likely due to the differing surface curvatures for different nanoparticle sizes. 19 Decreasing particle size also considerably reduces the melting temperature of nanoparticles, a phenomenon that affects a wide variety of nanoparticulate materials in addition to gold. 10, 20 The melting point of AuNPs drops rapidly for particles below 5 nm in diameter, although the melting range of AuNPs as small as 1.5 nm (~400 °C) is still reasonably high compared to the temperatures where sintering occurs for most alkanethiol-stabilized AuNPs of comparable size (140-220 °C). 7, 10, 21 The process of thermally sintering AuNPs is dependent on kinetics and so the rate of heating will affect the temperature of the sintering event (TSE) for a particular sample, with slower heating rates leading to sintering at lower temperatures. 7, 22 The surrounding atmosphere can also influence the thermal stability of ligand-stabilized AuNPs. Alkanethiol-stabilized AuNPs can be destabilized by oxidation of the sulfur atoms (by atmospheric oxygen), thus weakening the sulfur-gold interaction. 22 Therefore, heating AuNPs in an inert atmosphere of nitrogen or argon, or under vacuum, prevents oxidation and inhibits sintering until higher temperatures. This suggests that the alkane ligand chain length dependence is due to increased shielding from atmospheric oxygen by longer alkanethiol ligands. 7 Similarly, the presence of halide-containing surfactants in AuNP samples destabilizes the Au-S bond and lowers the thermal stability when heated under ambient conditions but not when heated under an inert atmosphere.
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While it is apparent that the type of stabilizing ligand attached to AuNPs influences their thermal stability, 6, 19 it is unclear if highly stabilizing molecules must be attached to the AuNP surface in order to be effective stabilizers. Recently, we reported the synthesis of a nanocomposite consisting of AuNPs functionalized with a thiolated ruthenium phthalocyanine (RuPc) complex, which showed a surprisingly high thermal stability and resisted sintering up to ~320 C. 24 The RuPc complex serves as a robust physical barrier between the AuNPs, preventing sintering until the nanocomposite is heated to the decomposition temperature of the RuPc complex. However, recent work that investigated the stability of the Au-S bond in thiolate-stabilized gold clusters found that the Au-S bond was vulnerable to decomposition at temperatures as low as 150 C and that the aryl-or alkylthiolate stabilizers were almost completely removed at 250 C. 25 In the context of thermally stable, ligand-stabilized AuNPs, we therefore hypothesized that the stabilizing ligands need not be anchored to the particles by Au-S bonds, as these will be broken well before the TSE. That is, AuNPs could be stabilized to higher temperatures by the simple inclusion of thermally stable non-thiolated compounds. Increasing the thermal stability by such means may, for example, facilitate studies in probing the optical properties of otherwise thermally sensitive AuNPs at elevated temperatures.
Herein we report the effects of a range of stabilizing compounds on the thermal stability of AuNPs, in particular comparing compounds with and without functional groups to anchor the molecules to the nanoparticle surface.
Experimental Methods
General: 1-Pyrenebutanol, 1-butanethiol, 1-octanethiol, 1-dodecanethiol, oleylamine and tetrahydrofuran (Sigma Aldrich), n-octane and 1-hexadecanethiol (Fluka), n-dodecane (Merck) and 33 Details of these syntheses are described in the Supporting Information. Simultaneous thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) was performed using a TA Instruments SDT Q600. Solid samples weighing ~5 mg and liquid samples weighing ~10 mg were loaded into alumina crucibles and heated from room temperature to 700 C or higher (up to 1400 C) at 10 C min -1 in air at a flow rate of 30 mL min -1 . Transmission electron microscopy (TEM) was performed using an FEI Tecnai T20 TWIN microscope (LaB6) operating at 200 keV and fitted with a Gatan 894 2k x 2k camera. Scanning electron microscopy (SEM) was performed using a Zeiss Supra 55VP SEM operating at 20 kV, with the samples drop cast onto silicon wafer.
Functionalization of OA@AuNPs with Thiolated Compounds:
As-synthesized OA@AuNPs in toluene were washed by adding the colloid dropwise with vigorous swirling to at least 3 times the volume of methanol. The particles were allowed to precipitate and were then collected by centrifugation, rinsed with additional methanol and air-dried.
To functionalize the OA@AuNPs with alkanethiols, a gold:thiol mole ratio of 1:4 was used. The where gstabilizer/gBT@AuNPs is the ratio of the masses of stabilizer and BT@AuNPs, mBT@AuNP is the average mass in grams of one BT@AuNP (in this case 3.07 x 10 -19 g) and mstabilizing molecule is the mass in grams of one molecule of stabilizer. The amount of BT@AuNPs in each mixture was 0.5 mg, which is an amount found to provide adequate electrical conductivity upon sintering in the absence of additional stabilizing compounds. Stock solutions of materials were prepared and measured volumes were placed into separate vials. Each mixture was then sonicated to thoroughly combine the molecules and AuNPs, and the solvent was evaporated under a gentle stream of compressed air or nitrogen, leaving a dry powder that could be re-dissolved in an appropriate solvent.
Electrical Resistance Measurements:
Resistance measurements were performed using a method reported previously. 24 Briefly, substrates were prepared by coating two gold electrodes onto pieces of thermal oxide-coated silicon wafer. Each sample was dispersed in the minimum amount of chloroform or dry tetrahydrofuran (THF) and then deposited using a fine-tipped glass pipette onto a substrate, such that a continuous film of the sample spanned the two electrodes once the solvent had evaporated. The samples were heated on an aluminium heating block with an attached thermocouple.
Steel probes were placed on each electrode and the resistance was measured using a digital multimeter with a maximum reading of 200 MΩ. A LabVIEW program was used to control the heating rate (10 C min -1 from room temperature to 450 C) and to record the temperature and electrical resistance.
SEM Imaging at Different Stages of Sintering:
Mixtures were prepared as described above and drop cast from THF onto silicon substrates. One sample was set aside as the unheated sample, and the others were placed on the aluminium heating block used in the setup described above. The samples were heated at 10 C min -1 and each one was carefully removed at a certain temperature using tweezers, and then placed on a sheet of steel to cool it to room temperature. Samples were then mounted on SEM stubs without delay and imaged.
Results & Discussion
AuNPs soluble in organic solvents were synthesized using variations of the two-phase BrustSchiffrin method. Using oleylamine (OA) as stabilizing ligand, 27 2-6 nm diameter OA@AuNPs were obtained (Figure S2a) , where the loosely bound OA could be exchanged for one of a range of thiol compounds. Using 1-butanethiol (BT) as stabilizing ligand, 28 2-5 nm diameter BT@AuNPs were synthesized ( Figure S2b ), which were subsequently mixed with the non-thiolated compounds. and (e) DPDI. a This compound was tested in our previous work. 24 The stabilizing compounds used in this study are listed in Table 1 , and the molecular structures of the less well-known compounds are shown in Figure 1 . These compounds were chosen based on their thermal stability (discussed in detail below) and their solubility in the solvents used to dissolve the AuNPs. The thermal behavior of selected stabilizing compounds was examined using simultaneous TGA/DSC, and the TGA results are shown in Figure 2 . All of the alkanes and alkanethiols ( Figure   2a ) evaporated (evidenced by sharp endotherms in the DSC data, Figure S3 ) at temperatures 35-75 °C below their reported boiling points, which we attribute to their volatility and the small volumes used (~12 µL). Octane evaporated at a temperature ~70 °C below the TSE of BT@AuNPs (Figure 2) and so it was eliminated as a potential stabilizer. The TGA data for the stabilizing compounds shown in Figure 2b reveal two or more mass loss events for each of the compounds, with accompanying exothermic peaks in the DSC data ( Figure S4 ). This indicates that the compounds undergo combustion in stages. Combustion of [RuPc(4-py t Bu)2] gave a residue of RuO2 in a process previously described. 24 The TSE for each sample of stabilized AuNPs was determined by drop-casting solutions containing the AuNPs (with or without stabilizer) across a pair of gold electrodes on a silicon substrate. The resistance of the specimen was measured whilst heating in air at a constant rate of 10 °C min -1 . The sintering event is characterized by a significant drop in resistance and we use the definition of TSE as the temperature of maximum rate of change in resistance. was achieved with the addition of OA. By far the greatest increase in TSE was achieved upon the addition of DPDI, which can be attributed to its very high thermal stability (Figure 2b ). Such a high TSE is unprecedented for ligand-stabilized AuNPs. To determine if the TSE is dependent on the ratio of molecules per NP, particularly since the molecules vary widely in their molecular masses, a range of ratios was tested for each of the nonthiolated stabilizers. For most of the compounds, the TSE was almost entirely independent of the amount of stabilizer added ( Figure 5 ). For the compound PyBuOH, ratios as high as 2000 and 5000 molecules/NP (data not shown) yielded effectively the same TSE as with lower ratios. Interestingly, the addition of as little as 50 molecules/NP of OA was found to raise the TSE of BT@AuNPs to 290 °C, an increase of over 130 °C. It is reasoned that the amine group in OA does not bind to the AuNPs since the particles are already functionalized with BT, which forms a much stronger bond with the gold, although it cannot be discounted that some attraction could take place. DPDI displayed the greatest increase in thermal stability of all the stabilizers tested, with sintering not occurring until ~540 °C in some samples. This stabilizer also showed some dependence on the ratio of molecules/NP with a threshold ratio of ~300 molecules/NP, below which the samples sintered at temperatures similar to the TSE of BT@AuNPs. It was observed during experimentation that the samples containing 100 and 250 molecules/NP did not change color from dark red to gold until ~450 °C, despite becoming electrically conductive at 150 and 180 °C, respectively. Generally during sintering, AuNP samples become conductive and change color to lustrous gold simultaneously. It was also observed that use of the waxy DPDI stabilizer resulted in very thick films when deposited on the substrates, particularly in the samples containing >250 molecules/NP. Heating these samples led to cracks forming throughout the deposited film, reducing contact between the two electrodes and resulting in a measured final resistance in the low kΩ range ( Figure S5 ), in contrast to sintered gold resistances on the order of 10 Ω for the other stabilizers used. Table 3 . TSE data for OT@AuNPs mixed with HD at different ratios of molecules/NP. The addition of HD had no discernable influence on the TSE of BT@AuNPs ( Figure 5 ), but adding HD to octanethiol-stabilized AuNPs (OT@AuNPs) increased the TSE by ~30 °C. The data in Table 3 show that the addition of more than 100 molecules of HD per AuNP did not provide further increases in TSE. The TSE of OT@AuNPs + HD (208 °C) is not much less than the TSE of HDT@AuNPs (221 °C). These data suggest that there are greater intermolecular interactions between HD and the OT in OT@AuNPs than between HD and BT in BT@AuNPs due to the longer carbon chain length of OT compared to BT (Scheme S1). Samples deposited using THF formed far more uniform films after evaporation of the solvent than films deposited using chloroform. Figure 7a shows a reasonably uniform film of unheated AuNPs deposited using THF. Clusters of material dotted throughout the sample prior to heating are evident that become less prevalent after heating (Figure 7b Unheated specimens display a greater abundance of large crystals throughout the sample than in specimens prepared using 100 molecules/NP ( Figure S6 ). Figure 7c shows one of these crystals;
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greater magnification reveals it to be coated with layers of AuNPs ( Figure S7 demonstrate that without an anchoring group, the stabilizing RuPc compound does not become homogeneously distributed between the AuNPs in the film but instead aggregates into distinct crystals, in contrast to films formed using [RuPc(4-py(CH2)3SAc)(4-py t Bu)] as stabilizer. 24 This behavior leaves the AuNPs vulnerable to sintering at lower temperatures than when the stabilizer is anchored directly to the particles.
Conclusions
We have investigated the effects of stabilizing compounds with and without anchoring groups on the thermal stability of AuNPs. Most of the unbound stabilizers provided little to no increase in the thermal stability of BT@AuNPs, with the notable exceptions of OA, which gave a TSE of ~300 °C even at low concentrations, and DPDI, which at some concentrations gave a TSE as high as ~540 °C, a result that is unprecedented for ligand-stabilized AuNPs. All of the bound stabilizers conferred greater thermal stability on the AuNPs than their unbound counterparts, with the most effective thiolated stabilizer found to be PyBuSH, giving a TSE of 390 °C for PyBuSH@AuNPs. The greater increase in thermal stability observed for mixtures of HD with OT@AuNPs than for HD with BT@AuNPs demonstrates the need for unanchored stabilizing compounds to have an affinity with the capping ligands on AuNPs in order to function as effective stabilizers against sintering. These results, along with the observations made by SEM, suggest the primary role of the anchoring group in a stabilizing compound is to ensure that the molecules are homogeneously distributed between the AuNPs in a film, thereby allowing them to act as physical barriers to sintering until the decomposition of the compound.
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